In biomedical studies, the event of interest is often recurrent and within-subject events cannot usually be assumed independent. In addition, individuals within a cluster might not be independent; for example, in multi-center or familial studies, subjects from the same center or family might be correlated. We propose methods of estimating parameters in two semi-parametric proportional rates/means models for clustered recurrent event data. The first model contains a baseline rate function which is common across clusters, while the second model features cluster-specific baseline rates. Dependence structures for patients-within-cluster and events-within-patient are both unspecified. Estimating equations are derived for the regression parameters. For the common baseline model, an estimator of the baseline mean function is proposed. The asymptotic distributions of the model parameters are derived, while finite-sample properties are assessed through a simulation study. Using data from a national organ failure registry, the proposed methods are applied to the analysis of technique failures among Canadian dialysis patients.
Introduction
In many clinical and epidemiologic studies, the event of interest may occur more than once per subject; such outcomes have been termed recurrent events. Examples include hospitalizations, infections, acute myocardial infarctions, and tumor metastases. Since such studies are of fixed length, the experience of each subject is subject to right censoring. Events within a subject cannot usually be assumed to be independent. Therefore, recurrent event data represent a form of multivariate failure time data where the event times are ordered. Moreover, in many biomedical studies, the experience of subjects may be correlated, resulting in clustered data. For example, in familial studies, individuals within a family may be correlated due to shared genetic factors; in a childhood school asthma study, children from the same neighborhood may share certain environmental risk factors (e.g., air particulate levels); or, in a multi-center study of technique failures among patients on dialysis, patients from the same center may be correlated due to center-specific characteristics with respect to practice patterns. Factors through which patients may be clustered are often unmeasured and usually not of direct interest to the investigators.
The investigation which motivated this example is a retrospective cohort study of technique failures (TF) among patients receiving peritoneal dialysis. Patients who reach end-stage renal disease must either receive a kidney transplant or dialysis in order to remain alive. Due to an increasing shortfall of donor organs, many patients receive dialysis for the rest of their lives. Of the two main dialytic therapies, of which the other is hemodialysis, peritoneal dialysis is less costly and associated with better quality of life. Since funding models for renal centers differ by region, it is of great interest to compare outcomes, such as TF, across regions. Naturally, the analysis must account for the correlation among technique failures within the same patient. It is likely that patients treated at the same renal center are correlated, due to similarities in practice patterns among clinicians from the same center. In addition, patients receiving care at the same center are likely to be from the same catchment area, and hence more likely to share unmeasured socio-economic and clinical characteristics. The research question regards only differences in TF rates among regions, and does not involve the dependence structures, either within-patients or between-patient-within-center; although, not accounting for such dependencies could result in biased variance estimation and hence lead to erroneous conclusions.
Many methods exist for the analysis of multivariate failure times. Methods for (i) single events for clustered subjects and (ii) repeated events among individuals have been broadly grouped under the umbrella of multivariate survival analysis. However, the statistical considerations for these two settings are quite different. Within 'multivariate survival', many available methods can be generally classified as 'conditional' or 'marginal'. Conditional methods (e.g., the frailty model) require correctly specifying the dependence structure and are appealing when the dependence structure is of interest. Marginal models do not incorporate the correlation structure for the purposes of parameter estimation, but account for the dependence in the covariance estimation. The marginal approach is appealing for clustered failure time data when the dependence structure represents a nuisance parameter. Many such existing methods are based on modelling the hazard function (e.g., Wei, Lin and Weissfeld, 1989; Lee, Wei and Amato, 1992; Spiekerman and Lin, 1998; Clegg, Cai and Sen, 1999) . For recurrent event data, the mean and rate function are better intuited than the hazard (intensity) function. Moreover, as described, for example, by Lin, Wei, Yang and Ying (2000), the intensity function requires accurately modelling the event history, which could be very complicated. Pepe and Cai (1993) developed semiparametric methods for modelling the rate function, with possibly distinct event number-specific baseline rates. Lawless and Nadeau (1995) considered modelling the mean number of events, and developed the theory for the discrete-time case. Subsequently, Lin, Wei, Yang and Ying (2000) developed the asymptotic theory for the continuous time setting. A detailed review of available methods for recurrent event data is provided by Cook and Lawless (2002) . Cai, Wei and Wilcox (2000) developed a class of linear
